Reducing highway traffic emissions, which is a major part of China's total transportation-related emissions, is a key to China's sustainable development. However, the effects of geometric-related and traffic-related factors on highway traffic emissions are rarely studied in China. Employing data collected from Cao'an Highway in Shanghai, China, and Traffic Software Integrated System (TSIS) as a simulation tool, this paper analyzed the effects of three geometric-related factors and one traffic-related factor on three traffic emissions (HC, CO, and NO x ). e geometric-related factors are lane width, number of vehicle lanes, and intersection lane configuration, and the traffic-related factor is free-flow speed. e results indicated that (1) widening the lane width may cause the increase of CO emissions, (2) increasing the number of vehicle lanes may result in the decrease of all three emissions, (3) intersection lane configuration has significant influence on traffic emissions, and (4) the average speed of 23-24 mph is associated with the lowest traffic emissions. e research findings will facilitate the understanding on effects of various factors on highway traffic emissions and provide insights for policy-makers, scholars, and engineers into the improvement of sustainable highway design and management.
Introduction and Background
During the past three decades, with important changes in its economy and social structure, China has experienced a major demographic transition of rapid and intense urbanization and motorization [1] [2] [3] . From 1978 to 2014, the level of motorization increased at 20% annually [4] [5] [6] . is situation has contributed to China's increasingly severe traffic and environmental problems [7] [8] [9] . Road traffic emissions, including traffic emissions from highways and urban streets [10] [11] [12] , have covered over 85% of China's total transportation-related emissions [13] and become an issue of public concern. By the end of 2014, China's highway mileage reached 2.79 million miles, topping other countries in the world [14] . In the Copenhagen Accord of the 2009 United Nations Climate Change Conference, the Chinese government has committed to reduce the emissions per unit GDP by 40%-45% by 2020 as compared to 2005 [15] . In response to that goal, the Ministry of Transport of the People's Republic of China has committed to reduce highway traffic emissions by 11% in 2015 as compared to in 2005 [16] . How does one maintain the momentum of highway system development while controlling the traffic emissions?
is question is rarely studied from the perspective of highway design and management in China. It has become one of the most important and urgent problems for policy-makers and scholars in China.
Traffic simulation is an effective way to study highway traffic emissions. e most significant benefit of traffic simulation models is to simulate the spatial and temporal variation characteristics of traffic flow in highway networks and avoid the limitation of collecting real-world data. Microtraffic simulation models, such as VISSIM, PARAMICS, and TSIS (Traffic Software Integrated System), are most popularly employed in the traffic emissions-related research. With VISSIM, Noland and Quddus evaluated the influence of the road capacity on emissions [17] , and Chen and Yu estimated the impact of two different traffic control and management strategies on traffic emissions [18] . Stevanovic [23] . Chamberlin et al. compared the emissions estimates from Motor Vehicle Emission Simulator (MOVES) with those generated by CMEM by using PARAMICS [24] . Employing the simulation tool TSIS, Xia simulated the target area and took travel delay to assist evaluating flow condition of the intersection [25] . Sha simulated the traffic flows of typical intersections and found that the signal optimization based on emissions was a useful way to reduce traffic emissions [26] .
Although some scholars have preliminary studies traffic emissions with data collected in China, they rarely focused on highway emissions [27] [28] [29] [30] [31] [32] . From the literature review above, we could find out that the relationship between geometric-related and traffic-related factors on highway traffic emissions have been widely examined using traffic simulation in the western countries [33] [34] [35] [36] [37] [38] [39] . However, due to the differences between vehicle emissions standard, highway design methods, traffic flow characteristics, etc., the findings in the western context may not be transferable and applicable in China. Reducing highway traffic emissions, which is a major part of China's total transportation-related emissions, is a key to China's sustainable development. Currently, studies focusing on the relationships between geometric-related and traffic-related factors on highway traffic emissions in China remain generally weak, providing insufficient support for strategies and guidelines from the perspective of improving highway design and traffic management.
erefore, it is imperative for policy-makers, scholars, and practitioners in China to investigate the factors significantly associated with highway emissions to draw up strategies and guidelines to achieve the goal of designing sustainable highways, reducing highway emissions, and developing sustainable transportation.
In this paper, we employed the microtraffic simulation software, TSIS, to study the effects of four factors on three highway traffic emissions, hydrocarbon (HC), carbon monoxide (CO), and nitric oxide (NO x ), in the Chinese context. ree geometry-related factors were studied including lane width, number of vehicle lanes, and intersection lane configuration, and one traffic-related factor, free-flow speed, was also studied. e intersection lane configuration stands for the setting of vehicle lanes for specific turning, e.g., right turn, left turn, and u turn [22] . First, we built the study area in TSIS with geometry-related and traffic-related data we had collected for the study. en, we changed the geometry-related and traffic-related factors of the study area in TSIS and obtained the traffic emissions in different scenarios. irdly, we employed linear regression models to quantify the relationships between selected factors and traffic emissions. Finally, we proposed policy recommendations on reduction of highway traffic emissions relative to the four factors. e research findings of the present paper will provide insights for policy-makers and scholars into the improvement of highway design and traffic management oriented towards traffic emission reduction.
Data and Methods

Study Area and Data Collection.
e study case is a highway section of Cao'an Highway in the northwestern outskirts in Shanghai, China. Cao'an Highway is a part of China National Highway 312, which is a key east-west route beginning in Shanghai and ending at Khorgas, Xinjiang in the Ili River valley, on the border with Kazakhstan. In total, China National Highway 312 spans 3,086 miles and its segment in Shanghai (Cao'an Highway) spans 22.5 miles. Cao'an Highway used to be one of the major routes that connect the urban core of Shanghai with Suzhou City, another economically developed big city in China. However, in the past decade, the lands along the Cao'an Highway have been developed into urban areas with increasing population and jobs. At the same time, new express highways and highspeed rails have been built to accommodate increasing demand of passenger and good transportation between Shanghai and Suzhou. With a high volume of traffic in Cao'an Highway, the traffic emissions have raised concerns related to environmental protection and public health.
erefore, it is imperative to look into the relationship of various factors to traffic emissions of Cao'an Highway. e study area was between Miquan Road and Yutian Road, with a length of 3521 ft between the Cao'an-Miquan and the Cao'an-Yutian intersections ( Figure 1 ). e study area included two signalized intersections. For each approach in either intersection, at least 1500 ft was covered in the simulation. e traffic volume data was collected at weekday morning peak hour from 8 am to 9 am for five consecutive days in September, 2013. At each intersection, we recorded the signal scenarios and manually counted the number of light vehicles and heavy duty vehicles for each traffic movement. We also obtained the data of lane width, number of vehicle lanes, and intersection lane configuration by field survey. e specific information of traffic volume, traffic distribution, and signal control plan is shown in Table 1 .
Selection of the Influencing Factors. As suggested by
Guensler [40] , factors that influence highway traffic emissions can be divided into four categories (Table 2 ). Different types of vehicles display different characteristics with regard to the amount of total emissions and emissions rates of specific compound [27] [28] [29] 41] . In general, heavy duty vehicles have higher emissions than light vehicles. Older vehicles with greater mileage usually lead to higher emissions. More advanced and emission control technology generally result in lower emissions [17, 42] . Also, ambient temperature impacts traffic emissions: as temperatures drop, HC and CO emission rates are typically higher compared to warmer temperatures [43] [44] [45] [46] . Moisture is another environmental factor as higher relative humidity leads to lower NO x emissions [47] .
Driving behavior and operating environment are hard to change in order to reduce traffic emissions. Meanwhile, some geometry-related and traffic-related factors, which are related to the highway design and traffic management, are potentially practical and feasible for emission reduction. Choosing more traffic-related factors will deepen the study as the influencing factors of traffic emissions are diverse and complicated. However, due to the limited available data sources, software capability, and simulation accuracy, at this stage in this study, we were only able to present four factors, which are lane width, number of vehicle lanes, exclusive lane set, and free-flow speed.
erefore, we selected four geometry-related and traffic-related factors to build simulation scenarios: lane width, number of lanes, intersection lane configuration, and free-flow speed.
Simulation and Statistical Analysis Methods.
e simulation model employed in the study is TSIS (version 6.1). TSIS is developed in the US and is an integrated development environment that enables users to conduct traffic operations analysis. Built using component architecture, TSIS is a toolbox that contains tools that allow the user to Advances in Civil Engineeringdefine and manage traffic analysis projects, define traffic networks, and create inputs for traffic simulation analysis, execute traffic simulation models, and interpret the results of those models. TSIS was used for managing, working, and controlling a microscopic traffic simulation model CORridor SIMulation (CORSIM) and its associated tools. COR-SIM consists of an integrated set of two microscopic simulation models that represent the entire traffic environment. CORSIM models the movements of individual vehicles, which include the influences of geometric conditions, control conditions, and driver behavior. CORSIM also contains an emission calculation module. e selected highway section was established in TSIS, and different scenarios regarding the four factors were simulated, respectively. e main input data have been listed in Sections 2.1 and 2.2.
All the factors not mentioned in this paper were controlled for the default values in TSIS. In this paper, we employed the software's own emission calculation module to obtain simulated traffic flow and emissions data. e output data for further analysis included the average traffic delay, the average speed, and the total traffic emissions of HC, CO, and NO x . e statistical analysis software SPSS 17.0 was used to conduct linear regression and analyze the relationship of selected factors and traffic emissions.
Results
is section presents the simulation results, as well as the regression analyses. In Table 3 , we summarize the simulation results across the four factors.
Lane Width.
We changed the lane width from 10 ft to 13 ft by one feet at a time on Cao'an Highway. e results in Table 3 indicated that HC and NO x emissions did not change significantly as lane width was increased; however, a large increase of CO emissions appeared when the lane width was changed from 12 ft to 13 ft. On a highway with narrow lanes, the driving behavior will be improved with lower driving speeds and less speed variations, which is probably leading to less traffic emissions, consistent with previous studies [48, 49] . However, it is unclearly why HC and NO x emissions remained the same when the lane widths changed from 12 ft to 13 ft. e standard lane width is 12 ft in highway geometric design and TSIS [50] . It is most likely the capability of TSIS in relation to the driving behavior and traffic flow characteristics limits the results of HC and NO x emissions in some scenarios. Although it is not appropriate to compare the results generated by different software directly in this paper, we will look into the comparison of results from different software in further studies to further examine the relationship of lane width on HC and NO x emissions.
Number of Vehicle Lanes.
e number of vehicle lanes was changed from 4 to 8 on Cao'an Highway in the simulation.
e results indicate that the HC, NO x , and CO emissions all decreased along with the increase in the number of vehicle lanes. We employed linear regression in this study to reveal the relationship between various factors and traffic emissions. With an R 2 of 0.964, 0.978, and 0.923, the relationship of number of vehicle lanes and HC, CO, and NO x emissions satisfy the linear relationship. e linear 
where Y HC−NVL , Y CO−NVL , and Y NO x −NVL are the HC, CO, and NO x emissions per unit distance (g/mile), respectively, X NVL is the number of vehicle lanes, and X is 4, 6, or 8. We did not consider the scenario when the number of vehicle lanes is over 8 as it is very rare in China. Among the three emissions, the CO emissions have the highest goodness of fitting (Figure 2, upper left) . is is very possibly due to higher fuel efficiency as higher rates of conversion to CO 2 could in part explain the lower CO emissions rates with increasing the number of vehicle lanes [29, 41, 51, 52] .
Intersection Lane Configuration.
e two intersections had the same original lane set at each approach on Cao'an Highway, which included one left turn pocket, three through lanes, and one right turn pocket. We changed the intersection lane configuration on Cao'an Highway by removing left turn pocket, right turn pocket, or both pocket signs, respectively, and ran the simulation model to obtain the emission results as shown in Table 3 . When the exclusive left turn lanes were removed, HC, CO, and NO x emissions all increased. On the contrary, the three emissions all reduced when the exclusive right turn lanes were removed. In this study case, the proportion of left-turn vehicles was high. erefore, the exclusive left turn lanes are effective to reduce the average delay and number of stops, which attributed to the reduction of traffic emissions. Compared to the left-turn vehicles, the proportion of right-turn vehicles was relatively lower. Exclusive right turn lane set may increase the possibility of vehicle's unnecessary lane changing and result in the increase of vehicle emissions.
Free-Flow Speed.
e value of free-flow speed is mainly determined by the road conditions, vehicle performance, characteristics of driving behavior, etc. In this paper, we changed the free-flow speed from 30 to 50 mph by 5 mph each time on Cao'an Highway.
e HC, NO x , and CO emissions were increasing with the increase of the free-flow speed. e findings are consistent with the previous literature [53, 54] . However, the reason to this situation requires further investigation. e curve fit demonstrated the variation trends of the three emissions based on the free-flow speed ( Figure 3) .
We further built linear regression models, as follows, to quantify the relationships between HC, CO, NO x emissions, and free-flow speed:
where Y HC-FFS , Y CO-FFS , and Y NO x −FFS are the emissions of HC, CO, and NO x per unit distance (g/mile), respectively, and X FFS is the free-flow speed. e R 2 of the three models are 0.994, 0.995, and 0.995, respectively, indicating high goodness of fitting.
Average Speed and Highway Traffic Emissions.
Literatures have suggested that the average speed is an important indicator for the traffic emissions [55] [56] [57] . In this section, the relationship between average speed and traffic emissions was revealed, using the data from the simulations across different scenarios regarding different factors. However, in order to keep traffic flow in the same composition, we kept the heavy duty vehicle factor to zero as the effects of heavy duty vehicles were too significant. e curve fit of the three emissions based on the average speed is shown in Figure 4 . Advances in Civil Engineeringe emissions and the average speed satisfy the relationships as follows: 
where Y HC-AS , Y CO-AS , and Y NO-AS are the emissions of HC, CO, and NO x per unit distance (g/mile), respectively, and X AS is the average speed. e R 2 of the three models are 0.983, 0.758, and 0.984 respectively. e regression models demonstrated the significant relationships between the emissions and average speed of traffic flow.
e results also indicated when the average speed is between 23 and 24 mph, the total traffic emissions are lowest. When the average speed is greater than 23-24 mph, the total traffic emissions will increase significantly.
Discussion and Policy Implications
e analysis in this paper has demonstrated the geometryrelated and traffic-related factors have significant effects on highway traffic emissions.
e results are similar to the previous literature [35, 39, [58] [59] [60] [61] in other locations in and outside China. Policies regarding the changing of those factors may potentially reduce the traffic emissions. results in this study, there would be an increase of CO emissions when the lane width changed from 12 ft to 13 ft. As we have explained in Section 3.1, drivers would drive more carefully if the vehicle lanes are narrower, resulting in lower driving speeds, less speed variations, and less traffic emissions [48, 49] . Yet, it is important to note that narrower lane means lower traffic efficiency, so considering efficiency and emissions, we recommend it is better to keep the lane width between 11.5 ft and 12 ft. e idea of lane narrowing has been proposed recently in China in the newest revision of the National Highway Design Standard, which is in line with the demand of emission reduction.
Number of Vehicle Lanes.
More vehicle lanes would lead to less emissions. As the land resources are limited for highway system, the combination of narrowing lane width and increasing number of vehicle lanes may enhance not only the highway capacity but also the possibility of reducing traffic emissions. is design method may be beneficial to the future highway design oriented towards traffic demand management and emission reduction.
Intersection Lane Configuration.
Intersections are important links of road network. However, due to the fact that traffic flow of all directions packing in, the intersections have usually become the bottlenecks in the road network. According to the findings in this paper, one advice for the study case is to improve intersection lane configuration based on traffic flow distribution. e result from previous studies showed that the existence of exclusive lane set is generally beneficial to emissions reduction at intersections [22, 61] . Furthermore, it is important to set an exclusive signal phase or waiting area for left turn exclusive lane, and a right turn exclusive lane is always useful.
Speed.
In this paper, free-flow speed and the average speed were adopted to reveal the relationships between the two types of speeds and traffic emissions. e free-flow speed is the speed at which vehicle runs without the impact of intersection delay or other vehicles, which is partly determined by the speed limit of the highway. e average speed displayed the how vehicle runs under the influences of intersection delay or other vehicles, which is closer to real conditions. For the study case, the emissions increased simultaneously with the free-flow speed increasing from 30 to 50 mph.
e average speed of 23-24 mph corresponded to the lowest emission, implying the potential of traffic management measure of maintaining a certain average speed.
is finding is consistent with previous studies as the average speed is highly correlated to traffic emissions [55] [56] [57] .
erefore, in order to reduce traffic emissions, we may suggest that besides appropriate speed limit, it is also important to achieve a reasonable average speed in accordance with different highway design and characteristics of traffic flow through traffic management measures.
Strengths and Limitations
is study has a number of strengths and limitations. In terms of the limitations, firstly, the study was restricted to a single-highway section of Cao'an Highway in the outskirts of Shanghai, China. e results, therefore, may not be fully generalizable to other highways with characteristics that are different from the study case. Secondly, we used three geometry-related and one traffic-related factors in the study.
e full evaluation of factors influencing highway traffic emissions will require us to introduce more factors, e.g., highway grade and speed limit [58] , in future studies. In terms of the strengths, the study focused on highway traffic emissions, which are one of the major sources of transport emissions in China. Secondly, the study investigated the relationship between four factors and highway traffic emissions with a quantitative approach. at would facilitate the emerging research on traffic emissions in China. Finally, the findings are able to provide informative policy implications for policy-makers, scholars, and engineers.
Conclusion
is paper established a TSIS simulation model of a highway section in Shanghai, China, to study the effects of geometryrelated and traffic-related factors on highway traffic emissions. Four factors, lane width, number of vehicle lanes, heavy duty vehicle factor, free-flow speed, and intersection lane configuration, were selected to build different scenarios in the simulation to obtain the traffic emissions. e study found out that (1) widening the lane width may lead to the increase of CO emissions; (2) increasing the number of vehicle lanes may result in the decrease of HC, CO, and NO x emissions; and (3) intersection lane configuration has significant influence on traffic emissions. Emissions and average speed of traffic flow have significant statistical relationships as the average speed of 23-24 mph is associated with the lowest traffic emissions. Policy recommendations on reduction of highway traffic emissions regarding to the four factors were put forward, which included (1) the combination of narrowing lane width and increasing number of vehicle lanes; (2) keeping appropriate average speed of traffic flow, and (3) designing exclusive lanes at intersections when needed. e research findings will provide insights for policy-makers, scholars, and engineers into the improvement of highway design and traffic management oriented towards traffic emission reduction.
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